Abstract. Flexible and thin conductive films of poly(3,4-ethylenedioxythiophene) (PEDOT) on PET substrate were obtained by an in-situ vapor-phase polymerization (VPP) method using ferric toluene sulfonate as an oxidant. The addition of epoxy acrylate resin used as a binder to provide adhesive strength between PEDOT and PET also afforded the possibility of the surface patterning through UV exposure. The electrical and optical properties of the conductive PEDOT films were characterized by UV-Vis spectroscopy and conductivity measurement. Surface resistance below 150Ω/sq. was achieved for 100 nm thick films with UV-vis-spectrum transparency exceeding 80%. The combination of these properties makes the films highly suitable for numerous device applications.
Introduction
Polythiophene and its derivatives have been at the core of considerable scientific interest for their attractive and superior electrochemical and physical properties. [1] [2] [3] Among the derivatives of polythiophene, poly(3,4-ethylenedioxythiophene) (PEDOT) is one of the most successful conducting polymers because of its low bandgap, excellent environmental stability, high electrical conductivity, and transparency in thin oxidized films. [4] [5] PEDOT has a number of attractive properties that make it suitable for many applications such as transparent electrodes for polymer light emitting diodes (PLEDs), anti-electrostatic agents, under layers for the metallization of printed circuit boards, and solid electrolytic capacitor, etc. [6] [7] [8] . Since PEDOT was first synthesized in 1989, numerous research groups have investigated the syntheses of PEDOT by the electrochemical and chemical oxidative polymerizations of the EDOT monomer. Electro-polymerization can only be used to coat electrode surfaces that are already conducting, which limits the practical use. Alternatively, PEDOT can be produced by direct chemical oxidation of the monomer, which is the most useful for the mass production of bulk polymers. Spin coating of the mixture of EDOT and ferric ion as an oxidant onto various substrates yields conducting PEDOT surface films. However, enormous still is required to get a homogeneous film with excellent quality, and the pot-life of the polymerization mixture is too short to prevent PEDOT from forming insoluble flocculants in the solution. The highest conductivity of the sample prepared by this method was 300 S/ and the light transmittance was an increase of up to 80% [6] . However, further improvement is necessary for display applications.
In the present study, we investigated the conductive and transparent PEDOT film grown by vapor phase polymerization (VPP) on flexible film substrate. To increase the conductivity of PEDOT film, the VPP technique has been proposed. The method was originally described by Mohammadi et al. as a CVD process using FeCl 3 as the oxidizing agents to polymerize the polypyrrole films [7] . The first application of VPP to produce PEDOT employing FeCl 3 as an oxidant was reported by Kim at al. [8] They reported that the conductivity of the resulting film reached 70 S/cm. Recently, Winter-Jensen also introduced a base-inhibited VPP technique on PET film. They polymerized EDOT directly on ferric ion-coated PET surface. In the process of VPP, the adhesion between the base film and conducting layer is extremely important for practical application. In the preparation of the conductive film, the conductive layer can be easily removed unless there is no interaction between two components. In our research, we used polymeric binder to provide adhesive strength between the PET film and conducting PEDOT layer. Epoxy acrylate resin was chosen as a suitable binder resin due to the good adhesion with PET as well as possible surface patterning by UV irradiation.
The present work examines how the polymerization time, processing conditions, and the binder content affect the transparence and conductivity of the PEDOT film. . Experimental Section Materials. 3,4-Ethylenedioxythiophene (EDOT) was supplied by Aldrich and was distilled and stored in a refrigerator. As an oxidant, 40 wt.% ferrictoluenesulfonate(FTS) in n-butanol solution from Bayer AG was used. Epoxidized acrylate resin as polymer binder was supplied by Kun Seol Chemical Industrial Co. The polymer binder was included with a photo-initiator. Preparation of PEDOT films. The PEDOT thin films were directly on the PET substrate by polymerizing the EDOT monomer in vapor phase. The 40 wt.% solutions of FTS as an oxidant and EA as a polymer binder (FTS/EA=10/1 w/w) in butanol were mixed and spin casted on the PET substrate. The FTS and EA-coated PET film (6 x 6cm) was exposed to an EDOT vapor in a reaction chamber at 50 for 2-3 min. The resulting PEDOT films were exposed by UV-curing for 4-5 min and then washed with butanol and water and dried in a convection oven at 120 for 1 h. Characterization. Surface resistance measurements were carried out by means of the four-probe technique using a Keithley 236 current source and Keithley 617 electrometer. UV-visible spectra were obtained by spectrophotometer HP 8452 and HP 8453 spectrometers. The UV exposure was carried out with a UV lamp (Guliver Ltd.) able to deliver a maximum length of 365 nm and power of 1kw.
Results and Discussion
The thin and transparent PEDOT films were prepared by polymerizing in vapor phase. Figure 1 shows the decrease in surface resistance from 2000 to150 Ω/sq. with increasing polymerization time up to 40 min. The surface resistance of the PEDOT film showed a rapid decrease close to the final minimum immediately upon commencement of polymerization and remained nearly constant up to 10 min. After 10 min, no further abrupt change in the resistance was observed. This results indicated that PEDOT film formation took place rapidly and the surface resistance was decreased by a few orders of magnitude and attained an under limiting value in about 10 min. The minimum resistance value reached 150 Ω/sq. over about 20 min. Figure 2 shows the results of light transmittance of the PEDOT film deposited on PET film in the range of 350 nm and 800 nm. As shown in Fig. 2 , the optical characteristics of PEDOT films with 40 % FTS-acrylate (1:40 mol ratio) had very high transmittance of up to 85% at 550 nm. The results showed that the mechanical strength increased but transmittance of PEDOT film decreased with increasing acrylate content with in the polymer.
Dietrich et al. [9] have already presented the electronic absorption spectra of PEDPT at different charging levels. Two absorption peaks at 580 and 630 nm are characteristic of its neutral form. The transmittance of FeCl 3 doped PEDOT films was lower than 80%.
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Experimental Mechanics in Nano and Biotechnology Cyclic voltammograms of PEDOT films were recorded during the repeated galvanic pulse at -1 and +1 V (three electrode system, scan rate 50 mV/s). Cyclic voltammograms of the PEOT by VPP were quite different from those found for PEDOT obtained by spin coating. As shown in Fig. 3 , PEDOT was oxidized with a main anodic peak centered at a reduction peak centered at -0.02 V for PEDOT by VPP and at 0.14 V for PEDOT by spin coating. On the cathodic scan, one well-defined reduction peak at -0.45 V for PEDOT by VPP and at -0.62 V for PEDOT by spin coating were observed. The more pronounced redox processes occurring in the PEDOT films by VPP indicate an improved rate of charge transfer that in turn increased the PEDOT matrix electroactivity. It seemed that the films obtained by VPP give a faster response and are in this sense similar to PEDOT formed by electrochemical polymerization [10] 
Conclusion
This work has demonstrated the significant improvement of PEDOT film conductivity achievable using by VPP methods. The PEDOT films were thin and transparent: their surface resistance was enhanced up to 150Ω/sq. and their transmittance up to 85%. Cyclic voltammograms showed significant difference between PEDOT films by VPP and those obtained by spin coating with the former giving a faster response. The addition of epoxidized acrylate resin in the PEDOT film adds the possibility of surface pattering.
